INTRODUCTION
Microglia, the resident macrophages of the central nervous system, play crucial roles in mediating immune-related functions (Graeber, 2010; Hanisch and Kettenmann, 2007; Ransohoff and Cardona, 2010) . They can become activated in response to even minor pathological insults and are involved in the detection of infectious agents (Lehnardt, 2010) , postlesional ''synaptic stripping'' (Trapp et al., 2007) , phagocytosis of apoptotic and necrotic cells (Bessis et al., 2007) , inflammation (Block et al., 2007) , and tissue repair (Minghetti and Levi, 1998) . Besides their roles in these immune-related processes, microglia are emerging as important contributors to normal brain development (Graeber, 2010; Hanisch and Kettenmann, 2007; Marín-Teva et al., 2004; Paolicelli et al., 2011; Parkhurst and Gan, 2010; Ransohoff and Perry, 2009; Sierra et al., 2010; Stevens et al., 2007; Schafer et al., 2012) . For example, elimination of microglia reduced programmed neuronal apoptosis (Marín-Teva et al., 2004) , and deficiency in microglia delayed synaptic pruning (Paolicelli et al., 2011) , leading to retarded maturation of neural circuits.
Under physiological conditions, microglia spend most of the time in a ''resting'' state, with highly motile processes continuously ''patrolling'' surrounding microenvironment on a timescale of minutes (Davalos et al., 2005; Nimmerjahn et al., 2005) . Resting microglia in the mouse visual cortex could make contact with dendritic spines via their dynamic processes (Tremblay et al., 2010; Wake et al., 2009) . Global downregulation of neural activity by intraocular injection of the voltage-gated sodium channel blocker tetrodotoxin (TTX) was associated with reduced frequency of such contacts (Wake et al., 2009 ). Long-term (8-10 days) visual deprivation during the critical period of visual system development could also affect such contact frequency (Tremblay et al., 2010) . These studies suggest a possible role for neural activity in regulating resting microglial motility. However, it is still unclear how resting microglial processes find specific neuronal targets for making contacts and what the physiological effect of such contact on neural functions is (Tremblay et al., 2011) .
Taking advantage of the larval zebrafish model with the transparency of the brain and the availability of genetic tools, we addressed these questions in the present work by combining in vivo imaging, in vivo whole-cell recording, glutamate uncaging, fluorescence resonance energy transfer (FRET) imaging, transmission electron microscopy, and genetic approaches. Using in vivo time-lapse confocal and two-photon imaging of the optic tectum in larval zebrafish, we first monitored changes in the morphology and motility of resting microglia in response to local elevation of neuronal activity by glutamate uncaging or to global alteration of neuronal activity by visual stimulation and pharmacological manipulations. We found that locally elevated neuronal activity steered resting microglial processes toward the soma of highly active neurons and facilitated the formation of microglia-neuron contact. This process required the membrane depolarization-activated pannexin-1 hemichannels on tectal neurons and the activation of small Rho GTPase Rac in resting microglia, a cascade of mechanisms possibly connected via ATP/P2 purinergic receptor signaling between neurons and microglia. Simultaneous in vivo imaging of changes in microglial morphology and neuronal activity showed that such microglia-neuron contact in turn downregulated both spontaneous and visually evoked activities in the contacted neuron. Thus, our study reveals a functional reciprocal interaction between resting microglia and neurons, and sheds light on microglial functions under physiological conditions.
RESULTS

Resting Microglial Processes Dynamically Contact Neuronal Soma via Bulbous Endings
To characterize the dynamics of resting microglia, we performed in vivo time-lapse imaging on Tg(Apo-E:eGFP) transgenic zebrafish larvae, in which microglia in the optic tectum express a membrane-bound enhanced green fluorescent protein (eGFP) (Peri and N€ usslein-Volhard, 2008) , between 5 and 8 days postfertilization (dpf). During these stages, zebrafish larvae already exhibit relatively mature visual functions and behaviors (Fleisch and Neuhauss, 2006) . With no obvious change in their soma position and overall cell area, microglia in the optic tectum were highly branched with dynamic processes displaying extensive extensions and retractions ( Figure 1A ; Figure S1 and Movie S1 available online). These are typical morphological properties of resting microglia as found in the mouse neocortex (Davalos et al., 2005; Nimmerjahn et al., 2005) . Microglial processes ended with either stick-like or bulbous tips, which could be interconverted as the process moved (Figures 1A and 1B; Movie S1). The bulbous ending, defined by a maximal diameter larger than the average diameter of tectal neuronal soma (4.6 ± 0.2 mm, n = 71), formed rapidly through expansion of a stick-like ending, and usually stalled for several minutes before gradually shrinking back to a stick-like ending (Figures 1B and  1C ; Movie S1).
Microglia in the zebrafish optic tectum are mainly restricted to the neuronal soma layer, with their processes continuously shuttling around surrounding neurons (Herbomel et al., 2001; Peri and N€ usslein-Volhard, 2008) . To reveal the spatial relationship between the process of resting microglia and the soma of tectal neurons, we loaded the optic tectum of Tg(Apo-E:eGFP) larvae with the Ca 2+ indicator dye Oregon Green BAPTA-AM (OGB-AM), which can be absorbed by neurons in the optic tectum (Sumbre et al., 2008; Niell and Smith, 2005) , and simultaneously monitored the morphology of both cell types at a 2 s interval with a spectrum-dividing technique. During the dynamic movement of microglial processes, we found that a stick-like ending passing by neuronal somata frequently expanded into a bulbous ending, which covered and wrapped around a nearby neuronal soma for several minutes before moving away ( Figure 1D ). The
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same microglial process could repeat such transformation, during which the same or a different neuronal soma was contacted. We defined the interaction between a microglial bulbous ending and a neuron as a contact when the bulbous ending stayed on the neuronal soma for more than 24 s ( Figure 1C , numbered arrows). Among all tips of 23 microglia, 22.5% ± 2.5% (mean ± SEM) of them exhibited bulbous endings, which stayed on neuronal soma with an average lifetime of 5.6 ± 0.5 min (n = 113; Figure 1E ). In a few cases (<5%), the soma of contacted neurons was finally engulfed by microglia after longterm contact by bulbous endings (data not shown). These observations showed that the bulbous ending is an indicator of microglial contact with neuronal soma. This point was also confirmed by 3D reconstruction of microglial processes (green) and a contacted neuronal soma (magenta in Figure 1F ) in double transgenic zebrafish Tg M€ u 4380) , in which microglia and tectal neurons express eGFP and DsRed, respectively (Distel et al., 2009) .
To further confirm microglia-neuron contact, we used the transmission electron microscopy (TEM) technique to characterize the close relationship between microglial processes and surrounding neuronal somata ( Figure 1G ). In the larval zebrafish optic tectum, the microstructure and morphology of microglia were characterized by a large cell body, an electron-dense nucleus (asterisk), and plenty of vesicles and inclusion bodies in the cytoplasm ( Figure 1G , arrowheads). These are similar to the typical properties of microglia in other species (Stensaas, 1977) . The membrane of some microglial processes was in close apposition with and wrapped around the membrane of neuronal somata, suggesting a bulbous contact ( Figure 1G , inset 1), whereas no such intense contact was found on other surrounding neurons ( Figure 1G , inset 2).
Neuronal Activity Steers Microglial Processes and Facilitates Their Contact with Highly Active Neurons
Global manipulations of neural activity in the mouse visual cortex could alter the dynamics of microglia (Nimmerjahn et al., 2005; Tremblay et al., 2010; Wake et al., 2009) . To test whether neural activity can play an instructive role in the formation of microglia-neuron contact, we locally upregulated neuronal activity in a small tectal region of the intact zebrafish larvae using glutamate uncaging (Figure 2A ), a noninvasive approach for increasing neuronal activity (Zito et al., 2009 and bulbous endings (red dot) 6 min before (top) and 24 min after (bottom) beginning of uncaging when larvae were incubated with normal solution (left), caged glutamate (middle), and caged glutamate + TTX (right). Data from eight microglia (each from different larvae). (F and G) Ratios of process tip number at uncaging side to all area (Tip unc /tip all , F) and bulbous tip number to all tip number at uncaging side (Bulbous unc /tip unc , G) 6 min before (open bar) and 24 min after (filled bar) the beginning of uncaging under different conditions. Data from same cells are connected by a line. Scale bars: 10 mm in (B) and 5 mm in (D). *p < 0.05; ***p < 0.001. Error bars represent ± SEM. See also Figure S2 .
laser (65 ms in duration), glutamate uncaging reliably evoked Ca 2+ activities of tectal neurons that mainly located within $20 mm around the uncaging point (1 mm in diameter) in the soma layer of the optic tectum ( Figures 2B and 2C ). This effect was abolished by bath application of TTX (1 mM; Figure 2C , black bars), indicating that glutamate uncaging can efficiently induce a local increase of neuronal activity in the optic tectum of intact zebrafish larvae.
During repetitive glutamate uncaging with an interval of 5 min at a location of 25.5 ± 2.1 mm (n = 13) away from the center of microglial soma, the processes of microglia preferentially and gradually navigated toward the side facing the uncaging point (''unc'') within 10 min and were more prone to form bulbous endings ( Figure 2D ), as indicated by significant increases in both the ratios of process tip number at the uncaging side to all area (p < 0.001, tip unc /tip all ; Figures 2E and 2F) and bulbous tip number to all tip number at the uncaging side (p < 0.05, bulbous unc /tip unc ; Figures 2E and 2G) . No obvious change in the position of microglial soma ( Figure 2D ), overall cell area and tip number ( Figures S2A and S2B ) was observed. Similar results were obtained by using two-photon laser-based glutamate uncaging ( Figures S2C-S2E ). These effects were not due to phototoxicity or direct action of uncaged glutamate on glutamate receptors in microglia themselves, because application of uncaging laser itself without caged glutamate did not induce significant changes (''Control'' in Figures 2E-2G) and glutamate uncaging-induced effects were prevented by bath application of TTX (1 mM; ''Caged glu + TTX'' in Figures 2E-2G and S2C-S2E). To further exclude the possibility that uncaged glutamate and TTX directly act on microglia, we performed in vivo whole-cell recording of microglia in the intact optic tectum. Membrane depolarization could not evoke obvious voltage-gated sodium currents, and local application of glutamate could not induce visible currents . It indicates that microglia in larval zebrafish do not express sodium channels and ionotropic glutamate receptors, consistent with a previous study in the rat retina (Fontainhas et al., 2011) .
To examine whether intraneuronal calcium is required, we clamped intracellular calcium levels of tectal neurons by injection of BAPTA-AM into the tectal neuropil, resulting in selective pickup of BAPTA by tectal neurons through their dendrites and axons. Under this condition, both the frequency and magnitude of neuronal spontaneous Ca 2+ activity were significantly reduced (Figures S2I and S2J) , whereas the basal motility of resting microglia was not markedly changed (Figures S2K and S2L) . Importantly, in BAPTA-loaded larvae, glutamate uncaginginduced orientated movement of microglial processes and formation of bulbous endings were prevented (''Caged glu + BAPTA'' in Figures 2F and 2G), indicating a functional role of neuronal calcium in the neuronal activity-induced effects. Taken together, these findings indicate that neuronal activity can steer microglial processes and facilitate the formation of resting microglial contact with neuronal soma in a neuronal calciumdependent manner. The formation of resting microglial bulbous endings could also be regulated by visual stimuli. After 30 min repetitive light stimulation applied to one eye of larval zebrafish with moving bars at 0.1 Hz, which robustly activated tectal neurons (Figures S3A and S3B), there was a significant increase in the total number of bulbous endings of resting microglia in the contralateral optic tectum ( Figures S3C and S3E ), However, after global downregulation of neural activity via preincubation of larvae with TTX, the number of bulbous endings was markedly decreased (Figures S3D and S3E) . Both the treatments did not significantly affect the baseline motility (data not shown) and the overall morphology of resting microglia in terms of the total cell area and tip number ( Figure S3E ). These results further confirm an instructive role of neuronal activity in the formation of microglia-neuron bulbous contact.
Rac in Microglia Is Required for Neuronal Activity-Induced Steering and Bulbous Ending Formation of Microglial Processes
The small Rho GTPase Rac is required for the membrane protrusion formation and migration of many cell types (Ridley, 2011) , including zebrafish germ cells (Kardash et al., 2010) . To examine whether Rac in resting microglia is required for neuronal activityinduced orientated movement of microglial processes, we first mosaically expressed a cytosolic fluorescence resonance energy transfer (FRET)-based Rac (Rac-FRET) sensor in microglia via the promoter of Coronin1a, a marker of microglia (Ahmed et al., 2007) . Using confocal FRET imaging, we found that the Rac-FRET intensity normalized to area (''Rac-FRET density'') was significantly higher in both microglial stick-like and bulbous-like processes compared with microglial soma (Figures 3A and 3B) . In response to elevated neuronal activity induced by repetitive glutamate uncaging, Rac-FRET density in microglial processes located at the uncaging side (unc), as compared to the opposite side (''opp''), was significantly increased within $7 min after the onset of the uncaging ( Figures 3C and 3E ). This was immediately followed by the oriented movement of microglial processes and the formation of bulbous endings, as revealed by the significant increase of the ratio of cell area at $9 min ( Figures 3D and 3E ). These effects were blocked by bath application of TTX ( Figures 3C and 3D , light color). These results suggest an important role of polarized distribution of active Rac in resting microglia in responding to the change in the activity of surrounding neurons.
We next inhibited endogenous Rac activity in microglia by Coronin 1a promoter-driven expression of hCRIB-RasCT, which contains the Rac/Cdc42 interactive binding (CRIB) domain of PAK1 fused to the farnesylation signal from the C-terminal tail of human Ras and is effective in impairing Rac function in zebrafish cells (Kardash et al., 2010) . Similar to microglia expressing only eGFP, microglia expressing hCRIB-RasCT had normal overall cell area and process tip number, and also displayed dynamic changes in morphology with a 36% reduction in the deformation speed ( Figure 3F ). However, in hCRIB-RasCT-expressing microglia, glutamate uncaging could not induce oriented movement of microglial processes or facilitate the formation of bulbous endings even when uncaging was repetitively applied for 1 hr (Figures 3G and 3H) . Consistently, these microglia displayed a reduction in the number of bulbous ending (56% ± 4% of control, p < 0.001; Figure 3F ). Taken together, these results indicate that Rac in resting microglia is required for neuronal activityinduced oriented movement of microglial processes and formation of bulbous endings.
Pannexin-1 Hemichannels on Tectal Neurons and ATP/P2 Receptor Signaling Are Involved
We next examined how neurons with high activity signal to resting microglia. Pannexin-1, a large pore-like hemichannel, is widely expressed in the central nervous system (MacVicar and Thompson, 2010; Ransford et al., 2009; Vogt et al., 2005) and its opening is gated by membrane depolarization (Bruzzone et al., 2003) . Small molecules, such as ATP, can release through these hemichannels (MacVicar and Thompson, 2010; Ransford et al., 2009) . As ATP could attract activated microglia toward local injury site in the brain (Davalos et al., 2005) , we then studied whether pannexin-1 hemichannels are involved in the instructive process of neuronal activity in resting microglial motility.
We first examined the expression of zebrafish pannexin-1 by using whole-mount in situ hybridization of zebrafish embryos at 1 dpf. Zebrafish pannexin-1 was ubiquitously expressed in the brain, including the optic tectum ( Figure 4A ; Figures S4A and S4B). Using in vivo whole-cell recording of tectal neurons and microglia, we found that local puff of the pannexin-1 hemichannel inhibitor Probenecid (5 mM) or the hemichannel/gap junction inhibitor Carbenoxolone (Cbx, 500 mM) to the soma of tectal neurons attenuated voltage-activated outward currents ( Figures  4B and 4C ), and such Probenecid-or Cbx-sensitive currents were only activated by membrane depolarization above 0 mV ( Figures 4B-4E ). However, there was no Probenecid-or Cbxsensitive current observed in all microglia examined (n = 6; Figure 4F) . These results suggest that pannexin-1 hemichannels are preferentially expressed in tectal neurons and can be activated by membrane depolarization. Blockade of pannexin-1 channels by preincubation of zebrafish larvae with Probenecid (2.5 mM) or Cbx (50 mM) did not significantly affect the total cell area and deformation speed of resting microglia, but significantly reduced the number of bulbous endings (p < 0.01; Figure 4G ). Importantly, both drug treatments abolished glutamate uncaging-induced orientated movement of microglial processes ( Figure 4H ) and formation of bulbous endings ( Figure 4I ). Furthermore, we genetically downregulated zebrafish pannexin-1 expression by injecting two kinds of splice morpholino oligonucleotides (MOs) ( Figures  S4A and S4C-S4F ). Similar to pharmacological treatments, in MO-injected larvae, glutamate uncaging-induced orientated movement of microglial processes ( Figure 4K ) and formation of bulbous contacts ( Figure 4L) were not observed. These results suggest that pannexin-1 hemichannels in tectal neurons are required.
Pannexin-1 hemichannels are permeable to ATP (MacVicar and Thompson, 2010; Ransford et al., 2009) , which is a mediator for migration of activated microglia toward injury sites (Davalos et al., 2005; Haynes et al., 2006) . Thus, we then examined whether ATP/P2 receptor signaling is involved in the neuronal activity-induced effects on resting microglia under physiological conditions. Bath application of the ATP-hydrolyzing enzyme apyrase (5 U/ml) or the P2 purinergic receptor blocker suramin (100 mM) did not significantly change the total cell area and tip number of resting microglia, but markedly reduced the percentage of bulbous endings ( Figure 4M ). Importantly, both treatments abolished glutamate uncaging-induced effects in resting microglia ( Figures 4N and 4O) , suggesting the involvement of ATP/P2 receptor signaling.
Taken together, it indicates that pannexin-1 hemichannels on tectal neurons and ATP/P2 receptor signaling are required for neuronal activity-induced orientated movement of resting microglial processes and formation of microglia-neuron contacts.
Microglia Preferentially Contact Neurons with High Levels of Spontaneous Activity
To study the physiological function of resting microglial contact with neurons, we loaded the optic tectum of Tg(Apo-E:eGFP) larvae with OGB-AM, and simultaneously monitored changes in both the morphology of microglial processes and Ca 2+ activity of tectal neurons with intervals of 2-4 s for 30-60 min in one optical section by using confocal imaging ( Figure 5A ). The Ca 2+ activity in tectal neurons can reliably reflect neuronal activities in the optic tectum of larval zebrafish (Sumbre et al., 2008) . Assuming that all neurons near a microglial cell have the possibility of being contacted, we monitored the activity of each neuron within the area covered by microglial processes. We found that microglial processes preferentially navigated toward and subsequently made bulbous contact with neurons that exhibited high levels of spontaneous activity before contact ( Figures 5B and 5C ). In comparison with neurons without microglial bulbous contact during imaging, the neurons contacted by microglial bulbous endings showed higher frequencies of spontaneous Ca 2+ activity before the formation of microglial contacts (p < 0.001; Figure 5D ). To further examine whether resting microglia preferentially contact neurons with higher activities, we mosaically overexpressed the human inward rectifier K + channel Kir2.1 (Kir), which can reduce the excitability of neurons (Hua et al., 2005) , and a nonconducting mutant version of Kir2.1 (mKir) in tectal neurons of Tg(Apo-E:eGFP) (Burrone et al., 2002) . Calcium imaging showed that the frequency of spontaneous activities in Kirexpressing tectal neurons exhibited a 37% decrease compared with that of mKir-expressing neurons (p < 0.001; Figure 5E ). We then calculated the probability of contact between resting microglial processes and either Kir-or mKir-expressing tectal neurons. In comparison with mKir-expressing neurons in 15 individual larvae, Kir-expressing neurons in 17 individual larvae showed a lower probability of resting microglial contact (p < 0.05; Figure 5F ). Furthermore, statistical analysis of the averaged spontaneous activity frequency in the neurons contacted by microglial bulbous endings (contact duration > 100 s) revealed that a surge of spontaneous Ca 2+ activities appeared within $6 min before the contact initiation (comparison between Periods 1 and 2 in Figure 5G and inset), consistent with the above finding that glutamate uncaging-induced neuronal activity increase can drive the formation of microglia-neuron contact. Taken together, these results indicate that resting microglia preferentially contact neurons with higher activities.
(B and C) I-V plots of tectal neurons before (black) and after local puffing of 5 mM Probenecid (B, blue) or 500 mM Carbenoxolone (Cbx; blue in C). Red traces indicate Probenecid-sensitive (B) or Cbx-sensitive (C) currents. Voltage ramp with 500-ms duration from À140 mV to +60 mV was applied to obtain the I-V plot; cells held at À80 mV. (D) Depolarization voltage step-induced current before (top) and after (bottom) local puffing of 5 mM Probenecid against the soma of recorded tectal neuron. (E) Averaged amplitude of Probenecid-and Cbx-sensitive voltage step-evoked pannexin currents. Number of tectal neurons examined in larvae between 4-6 dpf on bar. In (D) and (E), cell was held at À80 mV and depolarized to +20 mV (dark color), À20 mV (middle color), or À60mV (light color) for 2 s. (F) I-V plots of microglia before (black) and after (blue) local puffing of 5 mM Probenecid (top) or 500 mM Cbx (bottom). Microglia recorded from Tg(Apo-E:eGFP) larvae.
(G) Summary of effects of Probenecid (2.5 mM) or Cbx (50 mM) on overall morphology of resting microglia. All data normalized to control. (H and I) Tip unc /tip all (H) and Bulbous unc /tip unc (I) 6 min before, and 24 min after beginning of glutamate uncaging, when larvae were incubated in Probenecid (2.5 mM) or Cbx (50 mM).
(J) Summary of effects of pannexin-1 MO1 and MO2 on overall morphology of resting microglia. All data normalized to control. (K and L) Tip unc /tip all (K) and Bulbous unc /tip unc (L) 6 min before, 24 min, and 59 min after the beginning of glutamate uncaging in larvae injected with control MO, pannexin-1 MO1 or MO2. Same data set as (J) was used.
(M) Summary of effects of Apyrase (5 U/ml) or Suramin (100 mM) on overall morphology of resting microglia. All data normalized to control.
(N and O) Tip unc /tip all (N) and Bulbous unc /tip unc (O) 6 min before and 24 min after beginning of glutamate uncaging, when larvae were incubated in Apyrase (5 U/ml) and Suramin (100 mM). *p < 0.05; **p < 0.01; ***p < 0.001. Error bars, ± SEM. See also Figure S4 . (F) Probability of contact between microglial processes and tectal neurons expressing mKir or Kir channels. Number of 6-dpf larvae examined on bars.
Resting Microglial Contact Downregulates Activity of Contacted Neurons
Next, we found that, about 5 min after the contact initiation, the spontaneous activity showed a significant decrease (comparison between Periods 3 and 4 in Figure 5G and inset) and then maintained at a low level for at least 7 min after the contact termination (comparison between Periods 4 and 5 in Figure 5G and inset). In addition, the total charge of mean spontaneous Ca 2+ activity (''Magnitude'') was also markedly reduced after the contact termination ( Figure 5H) . Furthermore, the decreases in both the frequency and magnitude of spontaneous Ca 2+ activity were positively correlated with the duration of microglia-neuron contact ( Figures 5I and 5J) . These results imply that resting microglial contact may downregulate the activity of contacted neurons under physiological conditions.
To further explore the physiological function of microglial contact, we then examined whether microglial contacts could in turn regulate visually evoked responses of tectal neurons. We loaded tectal neurons of Tg(Apo-E:eGFP) larvae with OGB-AM and applied moving bar stimulation protocols to visually activate tectal neurons. Changes in moving bar-evoked Ca 2+ activity of tectal neurons before and after microglial contact were then analyzed. In microglia-contacted neurons, we found that the mean amplitude of light responses evoked by moving bars at 0.1 Hz was significantly decreased after microglial bulbous contact (p < 0.001; Figures 6A and 6B) . Meanwhile, the light responses of nearby tectal neurons, which located outside the microglial covering territory and were not contacted by microglial processes, were not significantly changed during experiments ( Figures 6A and 6B ). Similar results were observed when moving bars at 0.0167 and 0.0083 Hz were applied ( Figure 6B ). These results indicate that neuronal activity-induced resting microglial contact downregulates both spontaneous and visually evoked activities in microglia-contacted neurons.
As resting microglial contact can reduce neuronal activity, it is predicted that after the microglial cell leaves its previous brain territory, the activity of neurons located within this region will be elevated. To examine this hypothesis, we applied two-photon laser pulse (blue lightning symbols in Figure 6D ) to induce local neuronal injury in intact optic tectum of Tg(Coronin1a:DsRed) larvae , in which microglia express DsRed. In those larvae, tectal neuronal activity was simultaneously monitored after loaded with OGB-AM. After laser injury, nearby microglia were randomly activated. In 7 out of 14 cases, the microglia of interest translocated toward the injury site within 15 min ( Figures  6C and 6D) . After the translocation of microglia, the averaged spontaneous activity in all neurons located in the previous territory was significantly increased (p < 0.001; Figures 6E and 6F) . Meanwhile, in the other seven cases, with the microglia of interest showing no obvious translocation out of their previous territories ( Figure S5 ), the neuronal activity was not significantly changed ( Figures 6E and 6F) . These results indicate that resting microglial contact can effectively regulate the activity of populational neurons in vivo.
DISCUSSION
In the healthy brain, resting microglia continually extend and retract their highly motile processes in surrounding microenvironment (Davalos et al., 2005; Nimmerjahn et al., 2005) . We now find that the motility of resting microglia is not a seemingly random process but instructed by local neuronal activity. In response to local elevation of neuronal activity, which activates pannexin-1 hemichannels expressed on neuronal soma and subsequently triggers the secretion of ''find-me'' signals (ATP as a candidate), resting microglial processes preferentially move to and wrap around highly active neurons via sensing the find-me signals in a Rac activation-dependent manner (Figure 7 ). Such neuronal activity-driven microglia-neuron contact in turn reduces the activity of contacted neurons (Figure 7) , revealing an instructive role for neuronal activity in resting microglial motility and suggesting the function for resting microglia in homeostatic regulation of neuronal activity under physiological conditions.
Instructive Role of Neuronal Activity in the Motility of Resting Microglia
Global manipulations of neural activity in previous studies suggest a potential role of neural activity in regulating resting microglial motility (Nimmerjahn et al., 2005; Tremblay et al., 2010 Tremblay et al., , 2011 Wake et al., 2009 ). In the present study, using in vivo time-lapse imaging, we have explicitly demonstrated the instructive role of locally elevated neuronal activity in regulating resting microglial morphology. First, microglia-contacted neurons exhibited high levels of spontaneous activity in a time window of 6 min before the contact formation, and genetically reducing spontaneous neuronal activity by Kir2.1 channel expression decreased the contact probability ( Figure 5 ). Second, focal glutamate uncaging, which induced a local increase of neuronal activity, changed the polarized distribution of active Rac in microglia within 7 min, and subsequently guided the navigation of microglial processes toward the uncaging side with increased microglia-neuron bulbous contact formation (Figures 2 and 3) . Considering the spatial separation between microglial processes and activated neurons ($20 mm), we believe that it would take several minutes for resting microglial processes to discriminate the position where the accumulated find-me signals released from and subsequently reach activated neurons. Third, global upregulation of neural activity via repetitive visual stimulation increased the number of microglial bulbous ending (Figure S3) . Thus, the highly dynamic behavior of resting microglia is not a random but target-oriented sampling process. In addition, neuronal activity affects the direction but not the basal level of microglial process motility. As both the local and global manipulations of neuronal activity did not largely change the total cell area, process tip number and deformation speed of microglia, it is possible that neuronal activity informs resting microglial processes where they should go. This instructive role of neuronal activity in the oriented movement of microglial processes may offer a general mechanism underlying how resting microglial processes find synaptic targets and apoptotic neurons in mammals (Marín-Teva et al., 2004; Paolicelli et al., 2011; Sierra et al., 2010; Wake et al., 2009 ). 2005). During apoptosis, pannexin-1 can mediate the release of find-me signals from apoptotic cells (Chekeni et al., 2010) . In mouse retinal explants, microglial dynamics can also be regulated by the blockade of pannexin channels (Fontainhas et al., 2011) . We now demonstrate that through pannexin hemichannels, find-me signals may be released in a neuronal activity-dependent manner; these signals subsequently steer resting microglial processes toward regions with highly activated neurons. We found that pannexin-1 is functionally expressed in zebrafish tectal neurons but not microglia and can be activated by membrane depolarization. Elevation of neuronal activity led to sustained opening of pannexin-1 hemichannels in tectal neurons (see Figure 4D ). ATP may be one of the find-me signals released from highly active tectal neurons through pannexin-1 hemichannels, considering the permeability of these large-pore hemichannels to many molecules smaller than $1 kDa (MacVicar and Thompson, 2010) . For example, in taste bud sensory cells and airway epithelia cells, pannexin-1 hemichannels can directly secrete ATP and contribute to ATP release, respectively (Huang et al., 2007; Ransford et al., 2009) .
Mechanisms of Neuronal
ATP is one of the most well-known chemotactic agents released from local injury sites (Davalos et al., 2005; Haynes et al., 2006) . Under physiological conditions, the baseline extension/retraction of microglial processes was decreased in the presence of the ATP-hydrolyzing enzyme apyrase, suggesting that extracellular ATP and/or ADP may also be involved in regulating the baseline motility of resting microglial processes (Davalos et al., 2005) . We also found that ATP/P2 receptor signaling is important for the neuronal activity-driven oriented movement of microglial processes under physiological conditions ( Figures 4M-4O ).
Cell motility depends on cytoskeleton dynamics (Davalos et al., 2005; Ridley, 2011) . The small Rho GTPase Rac, a key regulator of cytoskeleton, is required for the membrane protrusion formation and migration of many cell types, including immune cells (Ridley, 2011) . In macrophage and activated microglia, active Rac is involved in phagocytosis and lamellipodium extension (Nakaya et al., 2008) . Under physiological conditions, our findings indicate that the oriented movement of microglial processes in response to local neuronal activity increase requires the activation of Rac in resting microglia. After glutamate uncaging, the density of active Rac in microglial processes located at the uncaging side was significantly elevated before the obvious movement of processes toward the uncaging side. Meanwhile, reducing Rac activity in microglia could block neuronal activity-induced changes in the resting microglia, indicating that active Rac may mediate the oriented motility of resting microglial processes. Moreover, active Rac was highly enriched in the microglial bulbous ending, and microglia with downregulated Rac activity showed a significant decrease in the number of bulbous ending, suggesting that active Rac in resting microglia may also be required for the formation of neuronal activity-induced microglia-neuron contact.
Mechanisms and Physiological Implications of Resting Microglial Contact-Induced Downregulation of Neuronal Activity
We only observed downregulation of neuronal activity in microglia-contacted neurons but not in noncontacted neurons (Figure 6) , suggesting that such cell-cell contact may initiate a local signaling cascade that is responsible for the downregulation of neuronal activity. Previous studies have found that some immunoglobulin superfamily (IgSF) members are expressed on neuron membrane surfaces and that their relevant receptors are present on microglia (Biber et al., 2007) . Neuron-microglia contact can activate these IgSF receptors and lead to suppressive effect on the activation and immune function of microglia (Biber et al., 2007; Hoek et al., 2000) . It awaits further investigation whether such membrane molecules are involved in resting microglia-neuron contact-induced regulation of neuronal activity under physiological conditions. In the optic tectum of zebrafish larvae, resting microglia mainly contact the soma but not the dendrite of tectal neurons. It is thus possible that resting microglial contact-induced downregulation of neuronal activity is caused by the reduction of neuronal excitability rather than synaptic inputs. Consistent with this idea, it was reported that, in a cocultured system of neurons and macrophage, macrophage attenuated neuronal firings through a decrease in membrane input resistance (Wang et al., 2008) .
We found that microglia-neuron contact reduces both the spontaneous and visually evoked activities in contacted neurons. The reduction in spontaneous neuronal activity was positively correlated with the duration of microglia-neuron contact. Furthermore, microglia translocation led to an increase in neuronal activity in microglia-preexisting territory. These findings suggest a role for resting microglia in homeostatic regulation of neuronal activity. This notion is supported by a recent finding that adult mice with partial loss of microglia due to Hoxb8 mutation displayed an over-excited grooming behavior that could be rescued after transplanting microglia, suggesting a role for microglia in regulating neural excitation in the healthy brain (Chen et al., 2010) . Resting microglia ''search'' surrounding microenvironment for highly active neurons by sensing find-me signal and ''let'' these neurons to take a ''rest.'' This homeostatic regulation of neural activity by resting microglia may represent a perspective on neural-immune interactions.
EXPERIMENTAL PROCEDURES
In Vivo Time-Lapse Confocal and Two-Photon Imaging In vivo imaging was performed on 5-8 dpf zebrafish larvae at room temperature (26 C-28 C). Larvae were embedded in 1% low-melting agarose (Sigma)
for imaging without anesthetics. Imaging was carried out under a 403 waterimmersion objective (N.A., 0.80) with a Nikon A1R or Eclipse FN1 upright confocal microscope (488 nm; Tokyo, Japan) or a two-photon microscope (900 nm; Prairie Technologies). Z stack images were acquired at 1 mm/optical section. For calcium imaging, the Ca 2+ indicator dye Oregon Green 488
BAPTA-1 AM (OGB-AM) was loaded into the neuropil of zebrafish optic tectum as previously described (Niell and Smith, 2005; Sumbre et al., 2008) .
Spectrum-Dividing Technology
To obtain sharp images of microglia expressing eGFP in the larvae with OGB-AM loading in the optic tectum, signals from the far blue tail of the eGFP emission spectrum that overlapped with the OGB-AM emission spectrum were separated as previously described (Wilson et al., 2007) . A spectral
Figure 7. Working Model
Resting microglia continuously survey surrounding brain areas with highly dynamic processes (''Surveying''). Local increase in neuronal activity steers processes of resting microglia (''I'') and induces the formation of microglial bulbous contact with neurons (''II''). After formation of microglial bulbous contacts, the neuronal activity in contacted neurons is reduced (''III'').
detector with 32 channels was used on a Nikon A1R upright confocal microscope. Both the eGFP and OGB-AM signals were simultaneously activated by a 488-nm excitation laser, and the emission spectral detector was set to a range of 489-569 nm with a 2.5-nm resolution for each channel. The standard emission spectra for eGFP and OGB-AM were measured separately by using eGFP only and OGB-AM only samples. Precise unmixing was then acquired based on standard emission spectra after data collection.
Visual Stimulation
Custom-made software was used to generate moving bars in various directions with different frequencies. The visual stimuli were projected to one of larval eyes via a 134 3 100 mm LCD, which was masked by a red transparent membrane to avoid interference with Ca 2+ signals (Sumbre et al., 2008) . The LCD was positioned 80 mm away from the larva.
Analysis of Microglial Morphology
To analyze the morphological changes of microglia, Z stack images were first flattened by maximum-intensity projection. As described previously (Xiao et al., 2011) , time-series projections of single microglial cells were aligned to compensate for drift in the x-y plane by minimizing the position difference between the first stack and the rest with ImageJ MultistackReg (NIH). The length, tip diameter, and motility speed of microglial processes were calculated by the ImageJ plug-in-MTrackJ. To measure microglial cell area deformation, segmentation of images was first done for raw data with Photoshop, then the cell area was measured by ImageJ and its difference between two sequential projections was defined as an index of the deformation.
Analysis of Neuronal Ca 2+ Activity
Fluorescence bleaching was corrected by normalizing the images within a stack to the same intensity with ImageJ Bleach Correction. Regions of interest (ROIs) of each imaged tectal neuron were manually marked on the average image calculated from the entire series, and the mean intensity (F) within ROIs was automatically calculated by using SARFIA in IGOR Pro software (WaveMetrics). The change in the intensity of each ROI was calculated as (F-F0)/F0, in which F0 was the average intensity of the ROI through all frames. A Ca 2+ transient was considered as an event when it surpassed a level of 3 SD above the baseline average and exhibited a fast rising phase and a slow decay phase (Sumbre et al., 2008) . A light-evoked or glutamate uncaging-induced response was determined when the transient surpassed 1 SD of the baseline average within 2 s after the stimuli. The magnitude of spontaneous Ca 2+ activity was determined as the integrated area of each Ca 2+ transient.
Confocal and Two-Photon Laser-Based Glutamate Uncaging and Analysis
Larvae were embedded with 1% low-melting agarose containing 5 mM 4-methoxy-7-nitroindolinyl-caged-L-glutamate (MNI-caged-L-glutamate, Tocris), and incubated with Hank's solution containing 2 mM caged glutamate. Focal photolysis of caged glutamate was accomplished through a confocal microscope with a pulsed 405-nm UV laser (1 mW) or a two-photon microscope with a pulsed 730-nm laser (80 mW) (Zito et al., 2009 ). The uncaging point was at a location of 25.5 ± 2.1 mm (n = 13) away from the soma center of microglia of interest. To avoid bias, we always selected the uncaging point in the direction perpendicular to the existing major moving direction of microglial processes.
To analyze changes in microglial morphology and FRET intensity (see FRET Imaging and Analysis) in response to glutamate uncaging, a line was drawn from the uncaging point to the soma center of microglia, and then a second line passing through the soma center and perpendicular to the first line was drawn to divide microglial area into two sides, the uncaging (unc) and the opposite (opp) sides. Cell area, tip number, bulbous tip number, and FRET signals on each side of microglia were then calculated.
Two-Photon Laser-Induced Local Injury
Two-photon laser-induced local lesion was carried out under a 403 waterimmersion objective (N.A., 0.80) with a Nikon Eclipse FN1 upright two-photon microscope. To selectively ablate a small cluster of neurons located at 30-40 mm away from examined microglia in Tg(Coronin1a:DsRed) larvae loaded with OGB-AM, 800 nm two-photon laser was targeted to OGB-AM labeled neurons. Laser scanning of the ablation area with a 5-mm diameter was performed within a single optical section of the targeted cells. Successful lesion was accepted when the fluorescence of targeted cells was largely bleached, and the lesion site was subsequently occupied by activated microglia (magenta) within 15 min (see Figures 6D and S5B) .
In Vivo Whole-Cell Recording
In vivo whole-cell recording of zebrafish tectal neurons was made at room temperature, using similar procedure to the previous work, see Supplemental Experimental Procedures for more details (Mu et al., 2012) . Both neuron and microglia recordings were made in Tg(Apo-E:eGFP) larvae, in which microglia could be well identified by eGFP signal and characteristic morphology. Tectal neurons in zebrafish larvae were readily identified even under bright field illumination. We usually recorded tectal neurons near the ventricle, and recorded microglia closely surrounded by neuronal somata regardless of their spatial location. Drugs were focally applied near the soma of tectal neurons or microglia. A voltage ramp of 500-ms duration spanning the voltage range of À140 to +60 mV was delivered from a holding potential of À80 mV. For each neuron or microglial cell recorded, currents were averaged from 5-10 trials.
FRET Imaging and Analysis
To measure Rac activity, FRET ratio imaging was performed with a Nikon Eclipse FN1 upright confocal microscope as described previously (Kardash et al., 2010) . The wavelength of donor excitation laser was 457 nm. To measure FRET, two emission images of CFP and YFP for donor and acceptor emission, respectively, were acquired upon donor excitation. A standard 457/514 filter set was used for the donor excitation and the dichroic filter. The emissions were filtered with 482/35 filter cube for the donor and 540/30 filter cube for the acceptor. CFP and YFP images were acquired simultaneously with the Dual-View. ImageJ was used to generate images of YFP/CFP ratio. After background subtraction and smoothing with a median filter, YFP images were aligned with MultistackReg by using CFP images as a reference. The ratio image of YFP/CFP was created with the ImageJ/Image Calculator and used to represent Rac FRET signal. 
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